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The plasma waves in a field effect transistor ͑FET͒ have a linear dispersion law, 1 = sk, where k is the wave vector, s = ͱ eU 0 / m * is the wave velocity, U 0 is the gate voltage swing, e is the electronic charge, and m * is the electron effective mass. A FET channel of a given length L acts for these waves as a resonance cavity, with the eigen frequencies given by N = 0 ͑1+2N͒, where N =1,2,3,..., and the fundamental plasma frequency 0 Ϸ s / 2L can be tuned by changing the gate voltage. For the submicron gate lengths, 0 can reach the terahertz range. 2, 3 Dyakonov and Shur 4 showed that nonlinear properties of such a cavity can be exploited for selective tuneable terahertz detection. They demonstrated that a nanometer size high electron mobility transistor ͑HEMT͒ subjected to a terahertz radiation with a frequency would develop a constant source-to-drain voltage
where = m * / e is the momentum relaxation time and is the electron mobility. When the quality factor of the resonant cavity 0 Ӷ 1, the FET response is a smooth function of as well as of the gate voltage ͑nonresonant broadband detection͒. For 0 ӷ 1, the linewidth 1 / is small and FET operates as a resonant detector. The resonant detection of terahertz radiation by twodimensional plasma waves was demonstrated in a commercial GaAs/ AlGaAs FETs, [5] [6] [7] [8] [9] in InGaAs based HEMTs ͑Refs. 10-12͒ and in a double quantum well FET. 13 In these structures, for a zero drain-to-source current, the condition 0 Ͼ 1 required for resonant detection is achieved only at cryogenic temperatures when becomes rather long. Nevertheless, in majority resonant detection results reported up to now, the experimental plasma resonant line widths defined as ͑1 / ͒ were broader than the expected ones. For example, El Fatimy et al. 12 have shown that the measured quality factor was ten times smaller than the theoretical estimate from carrier scattering rate deduced from mobility. A possible explanation of this resonant line broadening was discussed in Ref.
14. In this work, the authors proposed that the resonance broadening could be explained by the leakage of the gated plasmons in the ungated regions of the channel. Another possible explanation can be related to the channel geometry itself. Indeed, in conventional HEMTs, the channel width is considerably larger than their length. Under such conditions, the one-dimensional model, where the plasma density and velocity depend on the coordinate x only ͑source-to-drain direction͒, is not appropriate, since obviously oblique plasma waves with a nonzero component of the wave vector in the y direction ͑gate width direction͒ can propagate. In such geometry, the gated region is not a resonator anymore, but rather represents a waveguide with a broad plasma wave's spectrum. 15 Recently, Shchepetov et al. 16 have demonstrated experimentally that by using multichannel HEMTs containing quasi-one-dimensional channels, one can strongly reduce the width of the plasma resonance detection lines by decreasing the influence of unwanted oblique modes.
In this work, we use the same multichannel HEMT geometry and study the influence of the dc source drain current I ds on the resonance linewidth. We show that in the resonant detection regime, the increase of I ds leads to a significant decrease of the resonant line width. We show that this shrinking can be interpreted as current induced reduction of plasma wave damping and driving the plasma system toward the Dyakonov-Shur plasma wave instability.
The experiments were performed on an InGaAs/ InAlAs multichannel HEMT with 200 nm gate length. Figure 1͑a͒ shows the schematic of the multichannel HEMT. The access region length is 5.3 m and the drain-source separation is 11 m. The multichannel part of the HEMT is made of 54 etched zones of 400 nm in length and 300 nm in width ͑de-picted as grey areas͒, with a 500 nm period. The HEMT photoresponse ⌬U at zero drain current as a function of the gate voltage for different temperatures is shown in Fig. 2 . The incident radiation frequency was 540 GHz. Even at the highest temperature ͑60 K͒, a peak is clearly seen on the nonresonant signal background around −0.36 V. By decreasing the temperature, one can see additional peaks appearing and narrowing. One can also see that because of the channel carrier density variation with temperature, the resonances and the threshold voltage shift toward lower gate voltage. At the lowest temperature ͑10 K͒, the threshold voltage extracted from transfer characteristics is approximately −0.52 V. Four resonances called A, B, C, and D, which are marked by arrows, are clearly seen on this curve. We attribute these lines to the plasma wave resonances excited by the incident terahertz radiation in the transistor channel. Due to the fact that the channel length is in the order of channel width in multichannel structures, the usual plasma wave dispersion law = sk should be modified as
Where k x Ϸ m / l is the longitudinal wave vector, k x Ϸ n / w designates the transverse wave vector l is the multichannel length ͑x direction͒, w the channel width ͑y direction͒, as shown in Fig. 1 . Indeed, only longitudinal and transverse fundamental modes and their higher harmonics are allowed to travel along the resonant cavity of the multichannel HEMT; m =0,1,2,... and n =0,1,2,... are the harmonic numbers of longitudinal and transverse plasma modes, respectively. Nevertheless, Eq. ͑2͒ gives only a qualitative description of the plasma system. Indeed, the real boundary conditions of the resonant cavity required for more rigorous equations are unknown in this structure. The observed shrinking of the resonance line with decreasing temperature shown in Fig. 2 can be explained by the increase of the scattering time . The inset of Fig. 2 shows the quality factor of the resonance C as a function of temperature, experimentally determined by the resonant line width Q = f / ⌬f, where f is the incident frequency and ⌬f the line width. The quality factor is increasing from 2 up to 9 with decreasing temperature. The solid line is a guide for the eye. The mobility calculated from these data varies from approximately 3 m 2 / V s at 60 K up to 11 m 2 / V s at 10 K. These values are in good qualitative agreement with the mobility obtained by Hall measurements on these structures at 77 K ͑ϳ7 m 2 / V s͒. Starting from Q Ϸ 9 at 10 K, we measured the photoresponse in the current driven detection regime. By increasing the applied drain current from 0 up to approximately 1 mA and measuring at the same time the corresponding drain voltage from 0 up to 100 mV and the photoresponse ⌬U ͓see I-V characteristics in Fig. 1͑b͔͒ for different C is about 9.8 mV, corresponding to ⌬f = 26 GHz. The resonance D is not well enough defined to extract the corresponding quality factor with a good precision. One can also notice a shift of the resonance position to higher values of the gate voltage when increasing the drain voltage. This shift is due to the voltage drop across the source and drain series resistances. 8, 10 As it was shown in Ref. 17 , in the presence of drain current ͑I ds 0͒, the resonance response of the HEMTs can still be given by Eq. ͑1͒, but the line width is defined by the so called effective relaxation rate ͑1 / → 1 / eff ͒:
where o is the electron drift velocity, is the momentum relaxation time, and L is the source-drain length. Since applied drain current increases the electron drift velocity in the channel, eff increases. When eff becomes on the order of unity, the detection becomes resonant. The derivation of Eq. ͑3͒ is given in Ref. 17 . By substituting the relaxation time in Eq. ͑1͒ by the effective time Eq. ͑3͒, one can see that at the resonant frequency = 0 , the increase of the current leads to the increase of the amplitude and decrease of the line width. At some critical current value, the width can even turn to zero, which corresponds to the onset of plasma wave generation. Dyakonov and Shur predicted that a stationary dc current flowing through a short channel transistor can become unstable against the generation of plasma waves. The instability increment was shown to be ␥ = o / L −1/ 2. This defines the instability threshold which occurs when the current is sufficiently large to fulfil the condition ͑ o / L =1/ 2͒. This is exactly the condition of vanishing ͑or negative͒ effective relaxation rate. The instability-induced plasma wave terahertz and sub-terahertz emissions were reported at cryogenic temperatures ͑Refs. 18 and 19͒. The detection is measured in the regime when o / L Ͻ 1 / 2. The term −2 o / L in Eq. ͑3͒ shows that the resonant detection line width narrows as one approaches the instability threshold by increasing o . According to this interpretation, the quality factor is given by
ͪ.
͑4͒ Figure 3͑b͒ shows the quality factor of the resonance C as a function of applied drain-to-source voltage, experimentally determined by the resonant line width Q = f / ⌬f. The effect of improvement of the quality factor with an increasing current was observed earlier for standard transistor structures. [8] [9] [10] 12 In these works, without current, only nonresonant detection was observed, and to obtain the resonant detection, it was necessary to drive the transistor into the saturation regime. In contrast, in this work, we deal from the beginning with resonant structures, and even the highest applied source-to-drain voltage is still below the saturation part of the I-V characteristics ͓see Fig. 1͑b͔͒ . For this reason, the electron drift velocity can be calculated as 0 = V d / L, where =11 m 2 / V s at 10 K, V d is the applied voltage, and L is the drain-to-source length. One can see in Fig. 3 that the quality factor increases from approximately 9 up to 21 at V d = 100 mV. The solid line is a theoretical calculation using Eq. ͑4͒ and ͑ = m * / e͒. One can see that the theoretical curve fits well the experimental results. One can also notice that these low current conditions correspond to assumptions of the Dyakonov-Shur theory of plasma instability and of the theory of the current-driven resonant detection in Ref. 17 . The corresponding plasma wave relaxation time eff is increasing from 17 up to 38 ps by increasing the electron drift velocity. This effect can be understood as a precursor of the Dyakonov-Shur plasma wave instability. One can also notice that in such HEMTs, one could obtain resonant THz detection even at room temperature. Indeed, Eq. ͑4͒ with f = 1 THz, V d = 100 mV, = 1.3 m 2 / V s, at 300 K gives Q = 1.5.
In conclusion, we have presented experimental results on plasma wave resonant terahertz detection by InGaAs/ InAlAs multichannel HEMTs. We have shown that in the resonant detection regime, the dc drain current leads to a strong shrinking of the line. We interpret these results as due to the current driven enhancement of the plasma resonant quality factor. Our results provide a clear indication that the dc current drives the two-dimensional plasma system toward the Dyakonov-Shur plasma wave instability.
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